Introduction
Fulvenes are non-aromatic cyclic polyolefins which undergo a gamut of radical, electrophilic, nucleophilic and concerted reactions [1] [2] [3] . The electronic spectra of most fulvenes show transitions in the visible region resulting from a small HOMO-LUMO gap [4] , The comparatively large dipole moment of the parent ful vene molecule (0.42 D) [5] indicates the importance of zwitterionic character in the ground state. Substitu ents can affect the degree of this zwitterionic character, and such perturbations manifest themselves as shield ing effects in NMR spectra [6] .
The aim of present work is to study the parent fulvene, the new concept of fulvene radical cations [7] , and the effect of the substituents OH, NH2, CH3, N 0 2, CN and F at the carbon atoms C6, CI and C2 of fulvene radical cations.
There exist no advanced calculations on fulvene and monosubstituted fulvene radical cations. This pa per reports the geometry, heat of formation, dipole moment and electron density of fulvene and monosubstituted fulvene radical cations from calculations by the semiempirical MINDO-Forces method [8] . The molecular energy of the radical cation obtained from the semiempirical MINDO/3 method [9] was completely minimized according to the MurtaghSargent minimization Technique [10] , The derivative of the energy was calculated according to Pulay's Force method [11] , A full description of the program and its application is given in [8 a].
Reprint requests to Prof. S. M. Khalil, Chemistry Depart ment, College of Science University of Mosul, Mosul/Irak.
Results and Discussion
Fulvene Molecule
The calculated heat of formation of the parent mol ecule, after complete optimization of geometry, was found to be 67.797 kcal/mole, which is almost in agreement with that found by Dewar et al. [12] , Its geometrical parameters are given in Fig. 1 , and the calculated electron densities are given in Table 1 . The calculated dipole moment was found to be 0.412 D, which is in a better agreement with the experimental value (0.42 D) [5] than that given by Dewar et al.
(0.69 D) [12] ,
The dipole moment can be understood as resulting from intramolecular charge transfer from the exocyclic double bond to the five-membered ring thereby acquiring pseudoaromatic cyclopentadienide charac ter. This may explain the high electron density at car bon atoms CI and C4 as compared with that at C6 (Table 1).   6   3  2 2. Fulvene Radical Cation
In order to find whether the radical cation of ful vene is planar or twisted [7] , we have calculated the heat of formation as function of the dihedral angle (f> (angle between the plane of the CH, group and the plane of the five-membered ring). The results are given 0932-0784 / 88 /' 0500-497 $ 01.30/0. -Please order a reprint rather than making your own copy. in Table 2 . In these calculations the energy is min imized with respect to all geometrical parameters. It can be seen from Table 2 that the most stable cation corresponds to (j) = 5°. This cation was called cation 1 and represents the ground state of the fulvene radical cation. This is in agreement with CIDNP results (7) which suggest that there is some degree of twisting in the tert-butyl (dimethylamino) fulvenes. All the substi tutions were performed on this cation. It can be seen from Fig. 1 that removing an electron from the fulvene molecule causes an increase in the bond lengths of C1-C2, C3-C4, C6-C5, a decrease in C1-C5, C5-C4, C2-C3 and a twist of the CH2 group out of the molecular plane by 5° to form cation 1. This result shows a decrease in the degree of cross conjugated structure of the fulvene radical cation. The rotation of the CH2 group from 0° to 90° out of the molecular plane causes the following changes in the geometry of the fulvene radical cation: (a) an increase in the C2-C3 bond length, (b) a decrease in the C1-C2 bond length, (c) a slight increase in the C5-C6 bond length, (d) an increase in the C 1-C 5-C 4 bond angle, (e) a decrease in the C 2-C1-C5 and C3~-C4-C5 bond angles. The changes in the other bond lengths and bond an gles are negligible. Figures 2 and 3 show the changes in the bond lengths and bond angles, respectively, of the fulvene radical cation as function of the dihedral angle (</>). In the rotation transition state {< /> = 90°), it can be seen that the degree of cross-conjugated struc ture is increased as compared with cation 1 (ground state < f) = 5°). The internal rotational barrier of the CH2 group was calculated to be 34.818 kcal/mole. The calculated electron densities of the carbon atoms in the fulvene radical cation with different < f> values are plotted in Figure 4 . On rotating the CH2 group towards the perpendicular transition state (< f> = 90°), the electron density is decreased sharply on C6, decreased slightly on C2 and C5, and increased on CI. Table 3 . Calculated heats of formation (AHf in kcal/mole) and dipole moments (fi in Debyes) for fulvene and monosubstituted fulvene ra dical cations.
Effect of Substituents
The calculated heats of formation and the dipole moments of monosubstituted fulvene radical cations after complete optimization of geometry are given in Table 3 . It can be seen from this Table that the substi tuents NH2, OH and CH3 at C6 increase the dipole more than that at the ring carbon atoms. This may suggest that these substituents are increasing the de gree of zwitterionic character. N 0 2 substituent shows the opposite effect to that found for NH2, OH and CH3, while CN and F substituents leave the dipole moment almost unchanged.
The calculated electron densities are given in Ta bles 4 and 5. The geometrical parameters of the monosubstituted fulvene radical cations are given in Figure 5 .
S t r u c t u r a l D e ta ils :
OH substituted on the carbon atom C6 may be perpendicular to or in the plane of H 6-C 6-0. Also, the latter position has two possibilities, either H5 is trans with H6 or cis ( Figure 5 ). It was found that the most stable structure is the one (cation 2). Similarly for cations 3 and 4.
Introduction of a substituent into fulvene radical cation increases the adjacent bond lengths. For exam ple, in the case of cation 2, C1-C5 and C1-C2 are longer than for cation 1 (Figure 1 ). This effect of in creasing the adjacent bond lengths is more pro nounced in the case of NH2 substituent and almost absent in the case of F substituent. All substituents are found to produce a small decrease in bond angle to which the substituent is attached, apart from F sub stituent. This resembles our recent calculations on 2-substituted allyl cations and anions [13] .
S t a b il iz a ti o n by S u b s t it u e n ts :
The stabilizing effect of a substituent is often as sessed by using isodesmic reactions (conserved bond type) [13] . A positive heat of formation (Table 6) It can be seen from Table 4 and 5 that the substitu ents OH, NH2 and F decrease the electron densities on the carbon atom to which the substituent is at tached and increase the electron densities on the adja cent carbon atoms, i.e. they act as electron releasing. CH3 and CN substituents act as very weak by electron releasing.
In the case of the electron withdrawing substituent N 0 2, the electron density increases on the carbon atom to which it is attached and decreases on the adjacent carbon atoms, opposite to the effect found for OH, NH2 and F.
The electron density on HI and H4 (a-protons) is greater than that on H2 and H3 (^-protons) for OH, NH2, F, CH3 and CN substituents, but not so for N 0 2, which is in agreement with the experimental result [7] of dimethylfulvene.
S p in D e n s itie s :
The result of cation 1 in Table 7 shows that the unpaired electron resides largely at CI and C4 and to a small degree at C2 and C3. The results eliminate the possibility of spin density at C5 and C6, which is in Table 8 . Calculated spin densities of 1-substituted fulvene radical cations. See Fig. 5 for num bering Table 9 . Calculated first ionization potentials (eV) of fulvene and 6-substituted fulvene radical cations. See Fig. 5 for num bering. good agreement with CIDNP results [7] . Thus the substituent interacts strongly with the unpaired elec tron spin at CI or C4 and weakly at C6. This is exactly what we found in the case of OH and NH2 substitu ents at CI (Table 8) , which interact strongly with the electron spin while F substituent shows slight interac tion. This kind of interaction is supported by the re sults shown in Table 6 , where OH and NH2 at CI show strong stabilization in comparison to C6 and C2, while the rest of the substituents show very weak or no stabilization.
The substituents at C6 (Table 7) interact very weak ly with the unpaired spin, in agreement CIDNP re sults [7] ,
The first ionization potentials of these fulvene radi cal cations (Table 9) are substituent dependent, an observation which precludes a HOMO without an appreciable coefficient at C6. These results suggest that charge density and not spin density exists at C6, in agreement with CIDNP results [7] ,
Conclusions
The results presented here support the existence of some degree of twisting in the fulvene radical cation and the residence of the unpaired electron in the endocyclic diene. The positive charge is delocalised through out the entire molecule (at atoms CI, C4, C6). The substituents at the exocyclic double bond show weak interaction with the unpaired spin as compared with the substituents at the endocyclic diene.
